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A  study  of the molecular  genetics  mechanisms  of  host–pathogen  interactions  is  of paramount  importance
in  developing  drugs  against  viral  diseases.  Currently,  the literature  contains  a huge  amount  of  informa-
tion  that  describes  interactions  between  HCV  and  human  proteins.  In  addition,  there  are  many  factual
databases  that  contain  experimentally  veriﬁed  data  on  HCV–host  interactions.  The  sources  of  such  data
are the original  data  along  with  the  data  manually  extracted  from  the  literature.  However,  the  manual
analysis  of scientiﬁc  publications  is time  consuming  and, because  of  this,  databases  created  with  such  an
approach  often  do  not  have  complete  information.  One  of the  most  promising  methods  to provide  actu-
alisation  and  completeness  of  information  is  text  mining.  Here,  with  the  use  of  a previously  developed
method  by  the  authors  using  ANDSystem,  an  automated  extraction  of  information  on  the  interactions
between  HCV  and  human  proteins  was  conducted.  As  a data  source  for  the text  mining  approach,  PubMed
abstracts  and  full text  articles  were  used.  Additionally,  external  factual  databases  were  analyzed.  On  the
basis of this  analysis,  a special  version  of  ANDSystem,  extended  with  the HCV  interactome,  was  created.
The  HCV  interactome  contains  information  about  the interactions  between  969  human  and  11 HCV  pro-
teins.  Among  the  969  proteins,  153  ‘new’  proteins  were  found  not  previously  referred  to in  any  external
databases  of  protein–protein  interactions  for HCV–host  interactions.  Thus,  the  extended  ANDSystem  pos-
sesses  a more  comprehensive  detailing  of HCV–host  interactions  versus  other  existing  databases.  It was
interesting  that  HCV proteins  more  preferably  interact  with  human  proteins  that  were  already  involved
in  a large  number  of  protein–protein  interactions  as well  as  those  associated  with  many  diseases.  Among
human  proteins  of the  HCV  interactome,  there  were  a  large  number  of  proteins  regulated  by  microRNAs.
It  turned  out  that  the results  obtained  for protein–protein  interactions  and  microRNA-regulation  did
not  depend  on  how  well  the  proteins  were  studied,  while  protein–disease  interactions  appeared  to  be
dependent  on the  level  of  study.  In particular,  the  mean  number  of diseases  linked  to well-studied  proteins
(proteins  were  considered  well-studied  if they  were  mentioned  in  50 or more  PubMed  publications)  from
the  HCV  interactome  was  20.8,  signiﬁcantly  exceeding  the  mean  number  of  associations  with  diseases
(10.1)  for  the  total  set of  well-studied  human  proteins  present  in  ANDSystem.  For proteins  not  highly
poorly-studied  investigated,  proteins  from  the HCV  interactome  (each  protein  was  referred  to  in less
than  50  publications)  distribution  of the  number  of diseases  associated  with  them  had  no  statistically
signiﬁcant  differences  from  the  distribution  of  the  number  of  diseases  associated  with  poorly-studied
proteins  based  on the  total  set of human  proteins  stored  in ANDSystem.  With  this,  the  average  number
of  associations  with  diseases  for the  HCV interactome  and  the  total  set  of  human  proteins  were 0.3  and
0.2,  respectively.  Thus,  ANDSystem,  extended  with  the  HCV  interactome,  can be  helpful  in a wide  range
of issues  related  to analyzing  HCV–host  interactions  in  the  search  for anti-HCV  drug  targets.  The  demo
version  of  the extended  ANDSy
genes,  metabolites,  diseases,  m
human  proteins/genes  and  HC
bionet.sscc.ru/psd/andhcv/.
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. Introduction
Presently, approximately 3% of human populations around the
orld are infected with the hepatitis C virus (Plauzolles et al., 2015).
hronic hepatitis C often leads to serious complications, like cir-
hosis and hepatocellular carcinoma. HCV is an RNA virus of the
laviviridae family and its RNA has a length of approximately 9600
ucleotides. A polyprotein is translated from this RNA and is then
leaved into structural proteins (core protein and envelope pro-
eins, E1 and E2) and non-structural proteins (viroporin p7, NS2,
S3, NS4A, NS4B, NS5A, and NS5B) (Plauzolles et al., 2015). HCV
ntry into host cells is facilitated by a number of viral and cel-
ular factors, including tetraspanin CD81 (Pileri et al., 1998), the
uman scavenger receptor, SR-BI (Scarselli et al., 2002), and tight
unction molecules, claudin-1 (Evans et al., 2007) and occludin (Liu
t al., 2008; Ploss et al., 2009; Budkowska, 2009). Replication of the
irus is assisted by the viral polymerase complex inside vesicles
ormed by the membrane of the endoplasmic reticulum (Moriishi
nd Matsuura, 2003). Assembling of viral particles comprises for-
ation of the nucleocapsid enveloped by glycoproteins, E1 and E2.
nvolvement of non-structural proteins in the assembly process is a
eature of the Flaviviridae family (Murray et al., 2008; Popescu et al.,
014). Nowadays, there are a number of specialised databases that
tore information on interactions between HCV and human pro-
eins, such as VirHostNet (Navratil et al., 2009; Guirimand et al.,
015), HCVpro (Kwoﬁe et al., 2011), HPIDB (Kumar and Nanduri,
010), and VirusMINT (Chatr-aryamontri et al., 2009). As a spe-
iﬁc example, the VirHostNet database (http://virhostnet.prabi.fr/
 contains information about the interactions between proteins of
arious viruses and host proteins collected manually from the lit-
rature. In addition to the literature data, VirHostNet also hosts
nformation on protein–protein interactions extracted from other
atabases, such as BIND, InnateDB, MINT, IntAct, MatrixDB, DIP,
PIDB, UniProt and HPIDb. In total, the VirHostNet database con-
ains information on 1543 HCV–host protein–protein interactions
n which 862 host proteins are involved. Similarly, the database,
CVpro (Hepatitis C Virus Protein Interaction Database, http://cbrc.
aust.edu.sa/hcvpro/index.php), specialises exclusively in the hep-
titis C virus and includes data on protein–protein interactions
anually extracted from the literature and other factual databases,
ncluding BIND, VirusMINT, and VirHostNet. The HCVpro database
ontains data on 11 viral proteins, 455 host proteins, 29 interactions
etween virus proteins, and 524 interactions between virus pro-
eins and host proteins. The VirusMINT database (http://mint.bio.
niroma2.it/virusmint/Welcome.do) possesses information on 394
nteractions between proteins of HCV and host proteins extracted
rom the literature. The HPIDB database (Host–Pathogen Inter-
ction Database, http://www.agbase.msstate.edu/hpi/main.html)
ntegrates experimental information on protein–protein interac-
ions for more than 600 different types of viruses and more than
0 species of hosts. Currently, HPIDB contains the most com-
rehensive grouping of information on roughly 1,573 HCV–host
rotein–protein interactions, including 997 host proteins, partially
xtracted from various databases (VirHostNet, IntAct, GeneRIF,
ioGRID, MINT, BIND, HPIDB, Reactome, UniProt, DIP, MPIDB, I2D,
atrixDB, InnateDB, Molecular Connections, and MBInfo).
PubMed contains over 70,000 articles describing results of a
ide variety of HCV studies. Manual analysis of such a number
f publications is extremely time consuming and, as such, the
ata on HCV–host protein–protein interactions available in existing
atabases is clearly not complete. An effective approach for anal-
sis of large amounts of literature data is text mining. Recently, number of automated text analysis tools, such as STRING (Snel
t al., 2000), Pathway Studio (Yuryev et al., 2006), LMMA (Li et al.,
006), and ConReg (Pesch et al., 2012) were developed. STRING
ontains data on protein–protein interactions experimentallych 218 (2016) 40–48 41
conﬁrmed and predicted using a variety of methods, including scor-
ing proximity of genes in the genome, phylogenetic proﬁles, and
analysis of co-expression. In addition, it has data on protein–protein
interactions extracted from publications using text-mining tech-
niques that are based on co-occurrence (Snel et al., 2000). Pathway
Studio contains over 3,150,000 molecular interactions extracted
from the text of many scientiﬁc publications by the use of the deep-
parsing method. Moreover, this system has an extensive library
of more than 1100 biological signaling pathways reconstructed
by hand (Yuryev et al., 2006). LMMA  can be used for the auto-
mated reconstruction of biological networks. It integrates data on
molecular interactions extracted from the literature with the co-
occurrence technique along with gene expression data obtained
from microarray experiments (Li et al., 2006). ConReg is a plug-in
for Cytoscape (Shannon et al., 2003) and may be employed in the
study of genetic regulation in eukaryotic model organisms. Data on
genetic regulation in ConReg was previously extracted from various
databases and supplemented with information obtained through
automated analysis of PubMed texts (Pesch et al., 2012).
These aforementioned systems all have information about
molecular interactions but are not focused on any speciﬁc area.
However, the development of specialised systems seeking to study
pathogen–host interactions could provide more details on the
molecular genetics mechanisms of virus life cycles, such as the life
cycle of HCV.
Previously, the authors developed the ANDSystem (Demenkov
et al., 2012; Ivanisenko et al., 2015), a tool designed for
automated extraction of knowledge from PubMed based on
the utilisation of semantic templates. The ANDCell knowledge
base is part of ANDSystem, storing data on the various types
of molecular–genetics interactions, including protein–protein,
protein–DNA, and protein–ligand interactions, as well as reg-
ulation of gene expression with transcription factors, miRNA
regulation, regulation of the activity and stability of proteins and
their posttranslational modiﬁcations, catalytic reactions, molec-
ular transport, association of genes and proteins with diseases,
participation of genes and proteins in biological processes, etc.
ANDSystem consolidates data on molecular genetics interactions
extracted from PubMed with data extracted from other factual
databases. The system has a user-friendly interface (ANDVisio) that
provides a wide range of features for the automated reconstruction
and analysis of molecular genetics networks. Overall, the ANDCell
knowledge base has more than 5 million facts related to molecular
genetics interactions for more than 16,000 organisms. Each inter-
action presented in ANDCell has the name of the organism and cell
line. However, all interactions are intraspecies–interspecies molec-
ular genetics interactions are not present. The aim of the current
study was to expand the ANDCell knowledge base by adding inter-
species molecular genetics interactions between HCV and human
beings.
With the use of text mining techniques implemented into
ANDSystem the ANDCell knowledge base was extended with
the HCV interactome. It allowed integrating information about
HCV–host interactions with the interactions speciﬁc to humans,
including various types of molecular and genetic interactions, reg-
ulatory events, associations with other diseases and biological
processes that occur in the host cell. In total, more than 70,000
abstracts from PubMed and over 15,000 full-text articles devoted
to the study of the hepatitis C virus were automatically ana-
lyzed. Taking into account data from the literature sources and
that extracted from the factual databases, 969 human proteins
interacting with HCV proteins (HCV interactome) were identiﬁed.
It appeared that of these 969 proteins, 153 “new” human pro-
teins not previously mentioned in other databases were related
to HCV–host protein–protein interactions. Moreover, for 49 of
these 153 “new” proteins, with the help of semantic templates, in
4 Research 218 (2016) 40–48
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Table 1
Distribution of the number of interactions between viral proteins and human pro-
teins by interaction types presented in the extended ANDSystem.
Interaction type Number of interactions
Protein–protein interaction 1576
Association 257
Expression regulation 13
Activity regulation 9
Cleavage 52 O.V. Saik et al. / Virus 
ddition to protein–protein interactions, regulatory interactions
ere established, including regulation of expression, activity and
ransport.
An enrichment analysis of gene ontology (GO) biological pro-
esses showed that these 153 “new” proteins are related to
immune response” along with responses to various stimuli (stress,
rganic substances, other organisms, external biotic stimulus, etc.)
nd other processes. Enrichment analysis of all 969 human proteins
howed that the most overrepresented GO biological processes
re related to “viral process”, “interspecies interaction between
rganisms”, “immune response” and “response to stress”, as well
s processes related to apoptosis and cell death. It should be men-
ioned that in both sets – the “new” proteins and the entire group
f proteins – the GO categories related to immune responses had
he greatest conﬁdence.
The apoptosis processes and innate immune responses are
istinguished—it is known these are strongly regulated by HCV
roteins (Bantel and Schulze-Osthoff, 2003; Fischer et al., 2007;
ang et al., 2015). Thus, it was of interest to investigate interactions
etween HCV proteins and genes/proteins from the HCV interac-
ome apart of apoptosis and innate immunity at the same time.
t has been shown that viral proteins often interact with the same
uman proteins both directly and via other human proteins that act
s intermediaries (Jin et al., 2014). In particular, in our analysis, it
ppeared that the number of the shortest pathways between non-
tructured HCV proteins was almost twice as high as the number
f shortest pathways between HCV structural proteins, indicating
hat the non-structural HCV proteins more actively duplicate regu-
atory functions of each other by interacting with the same human
roteins from the shortest pathways.
A comparative analysis of different groups of proteins by the
umber of protein–protein interactions, protein associations with
iseases, as well as other functional properties with the use of
ext-mining requires considering the level of study of proteins
n the relevant groups. For example, the comparison of proteins
rom the HCV interactome with all human proteins from AND-
ell showed that proteins from the HCV interactome are involved
n more protein–protein interactions, associated with larger num-
ers of diseases and are more often connected to gene regulation.
n order to properly account for the level of study of proteins, all
roteins were divided into two groups depending on the number
f PubMed publications mentioning them with their references
well-studied proteins were proteins mentioned in 50 or more
ublications; while poorly-studied proteins were proteins men-
ioned in less than 50 publications). Such analysis exhibited that
he signiﬁcant variation between the number of protein–protein
nteractions for proteins from the HCV interactome and all human
roteins from ANDCell were observed for both groups. Moreover,
he results obtained for miRNA regulation was independent of the
evel of study of proteins. At the same time, the earlier described
egularity for protein–disease associations was observed only for
he well-studied proteins.
Therefore, the extended ANDSystem is shown to have more
omplete information when compared to the existing databases
pecialising in the systems biology of HCV–host interactions. It may
e useful to attempt solving the various problems related to the
nalysis of molecular genetics mechanisms of the HCV life cycle
nd discovery of new drug targets.
. Results and discussion.1. Automated knowledge extraction of HCV–host interactions
For automated knowledge extraction, ANDSystem uses shal-
ow parsing technology based on semantic templates. In total,Catalyse 3
Transport regulation 1
around 3000 templates were created to allow extraction of infor-
mation on the 24 types of interactions between molecular genetics
objects, such as proteins, genes, metabolites, microRNA, path-
ways, diseases, and cellular components. Interactions between
objects were classiﬁed into physical interactions (protein–protein,
protein–ligand, or protein–DNA), regulatory events (positive
and negative regulation of gene expression, activity, transport,
stability/degradation regulation, miRNA regulation, regulation
of biological processes and diseases), catalytic reactions, co-
expression, etc. (Ivanisenko et al., 2015). For the automated
extraction of the interactions between human genes/proteins and
HCV proteins, more than 200 additional semantic templates were
developed. To achieve data fullness on HCV–host protein–protein
interactions, both PubMed abstracts (72,629 abstracts) and full-
text articles from PubMed Central (15,141 articles) were evaluated.
The automated analysis of the literature revealed 607 interactions
between 336 human proteins and 11 HCV proteins. Further, infor-
mation on 1257 HCV–human protein–protein interactions from
the HPIDB database was  extracted. A total of 816 human proteins
were involved in these interactions. Thus, the acquired HCV interac-
tome contains details on 1686 interactions between 969 of human
genes/proteins and 11 HCV proteins.
Statistics on interactions between HCV proteins and human
genes/proteins that exist in the extended ANDSystem are presented
in Table 1. What is apparent is that the most prevalent interaction
type is the physical protein–protein interaction and associations
(interactions with undeﬁned type). Also, ANDSystem contains data
on the involvement of viral proteins in the regulation of expression
and activity of human genes and proteins. In particular, with auto-
mated text analysis, it was  found that the NS3 protein inhibits the
expression of CD1a and CD1b (Tu et al., 2012), core protein upreg-
ulates IFN-gamma receptor 2 expression (Hosui et al., 2003), NS5A
induces expression of the IL-8 (Polyak et al., 2001), among other
examples. It should be noted that many of these regulatory inter-
actions might not be direct but, rather, indirect, linked with various
additional human proteins and genes. The ﬁgure representing the
intersection of interactions extracted from factual databases and
texts was  178, while the intersection of proteins was  183.
In total, the HCV interactome possesses 969 human proteins
extracted from the literature and the HPIDB database. 153 human
proteins (“new” proteins) were discovered not mentioned in any
databases dedicated to HCV (see Appendix 1). For 49 of these 153
“new” proteins, besides protein–protein interactions, regulatory
interactions, such as regulation of expression, activity and trans-
port, were seen.
Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.virusres.2015.12.003.
2.2. Precision and recall of information from HCV interactome
presented in ANDCellThe precision value of knowledge extracted by the ANDSystem
text mining approach from publications was estimated to be the
ratio of the number of correctly recognised interactions of the test
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et divided by the size of the test set. The recall value was set as the
atio of the number of interactions identiﬁed by text mining to the
umber of interactions found manually.
To assess precision, 200 interactions (100 interactions extracted
rom PubMed and 100 interactions extracted from full-text arti-
les) were randomly selected from ANDCell. Our expert analysis of
hese interactions has shown that for the full-text articles, precision
as 67% and for PubMed abstracts, it was 89.5%. The reason for the
igher precision value with the PubMed abstracts was that there
as a greater precision of the correct recognition of object names
ompared with full-text articles. In particular, full-text articles have
 much larger number of unique objects with names that over-
ap with the names of proteins and genes, leading to false positive
ecognition of their names in the text.
To assess this properly, the gold standard was created. It con-
ained 100 randomly selected full-text publications and their
bstracts devoted to HCV referenced in the HPIDB database. For
he full-text articles, the recall was 68.6%, and for abstracts, it
as 78.6%. Although the recall for abstracts was higher than for
ull-text articles, it should be noted that the number of inter-
ctions extracted from the full-text articles was much greater
han those extracted from abstracts—the number of interactions
xtracted from abstracts was only 40% of full-text article interaction
xtractions.
.3. Enrichment analysis of gene ontology biological processes
Studying the role of viral proteins in the regulation of vari-
us host biological processes is one of the major challenges of
eveloping the systems biology of pathogen–host interactions. As
he analysis here revealed 153 “new” human proteins interacting
ith HCV, it was of interest to compare the enriched GO biolog-
cal processes deﬁned for these proteins and proteins from the
PIDB database. Enrichment analysis of GO biological processes
as carried out with the help of R GOstats package (Falcon and
entleman, 2007). It turned out that both human proteins found in
he HPIDB database and the “new” proteins were involved in the
response to virus”, “immune response”, and responses to different
timuli (stress, organic substance, other organism, external biotic
timulus) and others (see Appendix 2). Enriched GO biological
rocesses calculated for HPIDB proteins and the 153 “new” pro-
eins were similar, though they differed in statistical signiﬁcance.
specially among the most signiﬁcant biological processes for the
roup of proteins from HPIDB were those viral process-related,
ulti-organism process-related, macromolecular complex subunit
rganisation-related, related to regulation of apoptosis, and cell
eath, while for the “new” proteins, biological processes related
o immune responses, responses to stress, defence responses, reg-
lation of phosphorylation, responses to virus, along with several
thers, were most prominent. Of note is the fact that reversible
hosphorylation of proteins is one of the major mechanisms of
egulation of function of key cellular proteins, including signalling
roteins and enzymes. Dysfunction in phosphorylation may  lead to
he development of various diseases, including cancer and chronic
nﬂammation (Cohen, 2001).
Supplementry material related to this article found, in the online
ersion, at http://dx.doi.org/10.1016/j.virusres.2015.12.003.
Among the “new” proteins involved in phosphorylation pro-
esses, a phosphatase and tensin homolog (PTENP1) protein
ownregulated by the core protein (Clément et al., 2011) and the
yk protein that interacts with NS5A and proceeds to be negatively
egulated by Syk kinase activity (Inubushi et al., 2008), can be dis-
inguished. Simultaneously, among the “new” proteins involved
n viral and immune responses were interferons and interleukins
IFNG, IL10, IL17A, IL2, IL4, IL6, IL8, ILF2), toll-like receptor 4 (TLR4),ch 218 (2016) 40–48 43
TNF, XPO1, BCL2, DDX58, RSAD2, and others. The role of these pro-
teins in mentioned biological processes is well known (Heim, 2013;
Isailovic et al., 2015). With that, there is evidence of changes in their
levels of expression in HCV-infected cells (Langhans et al., 2010;
Díaz Valdés et al., 2011) as well as changes in their concentrations
in the plasma of patients (Seetharam et al., 2011; Umemura et al.,
2011; Aroucha et al., 2013).
Further, it was interesting to compare interactomes formed
by the interactions of individual HCV proteins with human pro-
teins. In total, the HCV interactome contains 969 human proteins
that interact with HCV proteins. For each HCV protein, a group of
human proteins from the HCV interactome interacting with it, was
formed. Among the 969 proteins, for 322 proteins, the only informa-
tion available was on their interactions with the HCV polyprotein,
and for 12 proteins, only their interactions with the HCV alternate
reading frame protein (F-protein) were identiﬁed. In the analysis
here, HCV polyprotein and F-protein were not considered and 334
human proteins, interacting with them, were excluded from the
analysis. Thus, the remaining 635 human proteins were divided
into 10 groups according to the HCV proteins with which they
interact (see Appendix 3). It was found that 170 of 635 human pro-
teins had interactions with more than one HCV protein (Fig. 1).
Fig. 1 shows that the number of human proteins decreases expo-
nentially by the number of their interactions with HCV proteins.
It appeared that calcium-regulated membrane-binding protein,
annexin A2, and, surprisingly, putative uncharacterised protein,
DKFZp451G125, simultaneously interacted with 6HCV proteins.
Among the human proteins that interact with 5HCV proteins at
the same time were transcription activator, STAT1, nuclear pro-
teins, KPNA1 and NR4A1, kinases, RAF1, PKLR, and EIF2AK2, among
others.
Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.virusres.2015.12.003.
Enrichment analysis of GO biological processes showed that
proteins having interactions with more than one HCV protein are
often involved in fundamental cellular processes, including viral
responses, immune responses, and regulation of apoptosis and
cell death. It is expected that multiple interactions may indicate
active regulation of these processes by HCV proteins. Further, it
may  be worthwhile to analyze interactomes with respect to indi-
vidual HCV proteins. Such analysis can be tailored to identify
specialization of HCV proteins in the regulation of various biolog-
ical processes. This study’s enrichment analysis of GO biological
processes, carried out for each of the 10 individual interactomes,
formed by the interaction of human proteins with each of the
10HCV proteins with biological processes shared by the analyzed
interactomes, revealed speciﬁc differences between the interac-
tomes. Appendix 4 contains enriched GO biological processes
for each of the individual interactomes. In particular, “regula-
tion of immune response” appeared to be overrepresented in all
10 interactomes, “multi-organism process” overrepresented in 9
interactomes (the exception being the NS2 interactome), “apop-
totic process” and “innate immune response” overrepresented in
7 interactomes (excluding NS2, NS4A, and NS4B interactomes for
“apoptotic process” and NS1, NS3, and NS4B interactomes for
“innate immune response”). Examples of speciﬁc enriched GO
processes are “necroptotic signaling pathway”, overrepresented
only for the core protein interactome, and the “inclusion body
assembly”, overrepresented in the NS5B interactome.
Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.virusres.2015.12.003.
Consequently, the study of interactomes related to individual
HCV proteins provides new possibilities for the study of the molec-
ular mechanisms of host–pathogen interactions and can be useful
in the pursuit of speciﬁc pharmacological targets.
44 O.V. Saik et al. / Virus Research 218 (2016) 40–48
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aFig. 1. Distribution of human proteins from the HCV interact
.4. Analysis of functional importance of human proteins from
he HCV interactome
It is known that HCV proteins regulate many biological pro-
esses in the host cell (Bantel and Schulze-Osthoff, 2003; Fischer
t al., 2007; Yang and Zhu, 2015). It was appealing to study the func-
ional signiﬁcance of human proteins from the HCV interactome.
or this, for each of the human proteins from the HCV interactome,
haracteristics such as number of protein–protein interactions,
ssociation with diseases and miRNA regulation and its involve-
ent in gene expression regulation, were calculated. To assess
he functional importance of proteins from the HCV interactome,
omparison with all human proteins from ANDCell using these
haracteristics was performed. It was assumed that the more func-
ionally important the proteins were, the more they were involved
n a greater number of interactions. Fig. 2A describes distribu-
ions of the number of human proteins from the HCV interactome
nd from the total ANDCell human interactome by the number of
rotein–protein interactions, in which these proteins are involved,
hat are different from each other. Distributions of the number of
roteins from the HCV interactome and from the ANDCell human
nteractome based on the number of protein–disease interactions,
re dissimilar as well (Fig. 2B). According to Pearson’s chi-squared
est, in both cases, the p-value was below 0.001. The proteins from
he HCV interactome had, on average, a greater number of interac-
ions both with other human proteins and with diseases compared
o the average number of such interactions calculated for all human
roteins from the ANDCell interactome. The average number of
rotein–protein interactions for the HCV interactome was 153.9,
hile the average number of protein–protein interactions for the
NDCell interactome was 51.1. At the same time, the average num-
er of protein–disease interactions for the HCV interactome was
1.6 and the average number of protein–disease interactions for the
NDCell interactome was 10.6. The proteins from the HCV interac-
ome involved simultaneously in over 1000 interactions with other
roteins – well-known hubs – can be speciﬁed, including growth
actors (EGFR, TGFB1), transcription factors (FOS, MYC, p53, Jun,
FKB1), cytokines (TNF, IL6), and others. Among the proteins with maximum number of interactions with diseases were cytokines
TNF, IL6, IL10), transcription factor (p53), growth factors (TGFB1),
nd others.ased on the number of HCV proteins interacting with them.
It should be noted that the results of a comparative analysis
of the functional importance of proteins can depend on how well
they are studied. It may  be expected that for well-studied proteins,
more information on their interactions is known versus poorly-
studied proteins. Therefore, in addition to the above analysis, the
level of study of proteins based on the number of publications in
PubMed where proteins were mentioned was  estimated. For this,
all analysed proteins were divided in two  groups: poorly and well-
studied. As well-studied proteins we considered all proteins that
were referred to in 50 or more publications, while poorly-studied
proteins were proteins mentioned in less than 50 publications.
Hence, sizes of groups of well-studied and poorly-studied human
proteins from ANDCell were 8633 and 9194, respectively. At the
same time, the number of well-studied proteins from HCV interac-
tome was  equal to 662 and the number of poorly-studied proteins
was 307. The earlier analysis of the comparison of human proteins
from the HCV interactome with all human proteins from ANDCell
was repeated for groups of well- and poorly-studied proteins sep-
arately.
It appeared that signiﬁcant differences between the proteins
from the HCV interactome and from the ANDCell human inter-
actome based on the number of protein–protein interactions
were observed for both poorly- and well-studied proteins. The
signiﬁcance of the differences persisted at various threshold val-
ues of number of publications. The statistical signiﬁcance of
the differences between proteins also continued when only the
protein–protein interactions from the HINT database (http://hint.
yulab.org/), which stores data on high-throughput experiments,
were considered. This data were employed because the assumption
was that the level of study of proteins does not affect the number
of protein–protein interactions where this protein was involved,
identiﬁed through high-throughput experiments. It turned out that
proteins from the HCV interactome were involved in an average
of 14.7 protein–protein interactions, while the average number of
protein–protein interactions for all human proteins from the HINT
database was 7.9 (signiﬁcance: p-value below 0.001).
Analysis of the impact of level of study of proteins on the results
of comparing of proteins from the HCV and ANDCell interactomes
based on the number of associated diseases was performed at vari-
ous threshold values for the number of publications. The threshold
value for the division of proteins on well and poorly-studied groups
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Fig. 2. Distributions of the number of proteins (without taking into account the level of study of proteins) from the HCV interactome and ANDCell human interactome by
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nteractome. Blue columns correspond to frequencies of proteins from the ANDCel
he  reader is referred to the web version of this article.)
aried from 10 up to 1000 publications. It was found that for all
hreshold values from this range, the distribution of number of
rotein–disease interactions for the well-studied proteins from the
CV interactome signiﬁcantly varied (p-value below 0.01) from
he similar distribution for all well-studied human proteins from
NDCell. When threshold values were less than 50 publications,
tatistically signiﬁcant differences for poorly-studied proteins were
ot observed. For the threshold values where 50 or more publica-
ions were utilized, for poorly-studied proteins, these differences
ppeared to be signiﬁcant. Thus, it can be assumed that 50 pub-
ications can be an objective threshold value for the estimation
f the level of study of proteins. Moreover, comparing proteins
rom HCV and ANDCell interactomes on the basis of the number of
heir associations with diseases identiﬁed through genome-wide
ssociation studies (GWAS) experiments was carried out. For this
urpose, data stored in the GWAS Catalog (https://www.ebi.ac.uk/
was/home) database was made use of. These data were utilised
n this analysis because it could be supposed that they are inde-
endent from the level of study of proteins/genes. Surprisingly, noeins are involved. Red columns correspond to frequencies of proteins from the HCV
an interactome. (For interpretation of the references to color in this ﬁgure legend,
signiﬁcant differences between the human proteins from ANDCell
and HCV interactomes were found with these data. It of note that
even if the number of GWAS associations between proteins/genes
and diseases is independent of protein/gene level of study, it can
still depend on the level of interest in a speciﬁc disease. To this
end, examination of data from other sources, like COSMIC (http://
cancer.sanger.ac.uk/cosmic) and SomamiR (http://compbio.uthsc.
edu/SomamiR/), containing protein/gene associations with cancers
identiﬁed using GWAS or CGAS was  carried out. It was found that a
signiﬁcant difference (p-value below 0.001) between proteins from
HCV and ANDCell interactomes was observed. Therefore, proteins
from the HCV interactome, on average, were associated with 27.9
diseases, while all human proteins from COSMIC, on average, were
associated with 22.7 diseases. For SomamiR, this proportion was
6.2 and 4.6, respectively. These results are in agreement with the
fact that HCV proteins are largely involved in the regulation of
apoptosis and cell death, playing an important part in cancers. Con-
sequently, an unequivocal conclusion that proteins from the HCV
interactome are more associated with diseases versus the whole set
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f human proteins cannot be made, but this common occurrence
as discerned for the well-studied proteins.
It is known that miRNAs are involved in the regulation of many
iological processes. There is evidence that the expression of many
iRNAs is signiﬁcantly different in patients infected with HCV com-
ared to controls (Shwetha et al., 2013). It was interesting to answer
he following question: how often is the translation of human pro-
eins from the HCV interactome regulated by miRNAs? Comparing
he distribution of the number of miRNA–protein interactions for
roteins from the HCV interactome with the same distribution,
uilt for all human proteins from the ANDCell interactome both
or the well- and poorly-studied proteins, demonstrated signiﬁcant
ifferences from each other (p < 0.001). It was found that proteins
rom the HCV interactome are more commonly regulated by miR-
As versus other human proteins. Thus, the average numbers of
rotein interactions with miRNA for the HCV interactome and the
NDCell interactome were 6.2 and 3.9, respectively.
Additionally, an analysis was conducted to ﬁnd out what per-
entage of human proteins from the HCV interactome is regulated
y miRNAs differentially expressed in patients, infected with HCV
Shwetha et al., 2013). It was found that the proportion of such
roteins in the HCV interactome was 56.3%, while the proportion
f such proteins in the ANDCell interactome was 30.2%.
An enrichment analysis of GO biological processes, conducted on
 set of human proteins from the HCV interactome, where trans-
ation is governed by differentially expressed miRNAs, exhibited
hat these proteins are primarily involved in viral processes and
egulation of apoptosis and cell death. The results of this analy-
is, containing miRNA–protein interactions, as well as enriched GO
iological processes, are shown in Appendix 5.
Supplementry material related to this article found, in the online
ersion, at http://dx.doi.org/10.1016/j.virusres.2015.12.003.
.5. Associative network of interactions between genes/proteins
rom the HCV interactome involved in apoptosis and innate
mmunity
ANDSystem provides the reconstruction and analysis of associa-
ive gene networks, i.e., networks describing interactions between
olecular and genetic objects associated with certain biological
rocesses, phenotypic traits, diseases, etc. Here, it has been shown
hat human proteins from the HCV interactome are involved in
ey biological processes, such as apoptosis and innate immunity.
t is known that apoptosis has an important function in organ-
sm development and homeostasis. Furthermore, apoptosis is a
art of the defence arsenal of organisms against viral infections.
poptosis dysregulation can lead to the development of various
iseases, including those of autoimmune and neurodegenerative
ariety along with cancer. Oncogenic viruses (including HCV) make
se of different mechanisms of regulation, especially suppressing
poptosis, providing survival of infected and damaged cells and
he spread of infection (Bantel and Schulze-Osthoff, 2003; Fischer
t al., 2007). In a number of cases, viral proteins may  also acti-
ate apoptosis, and it can be necessary for HCV at certain stages
f infection (Fuentes-González et al., 2013). According to available
linical data, infection with hepatitis C virus is characterised by
nﬂammation in the liver with development of chronic infection
eading to increased risk of developing of hepatocellular carcinoma
Lim et al., 2014; Larrubia et al., 2014). It is known that, both in the
ase of inﬂammatory lesions of the liver and in the case of carcino-
enesis, a dysfunction in apoptosis can take place but the features
f the mechanism underlying the development of these disparate
athological conditions are still not yet fully understood (Bantel
nd Schulze-Osthoff, 2003; Fischer et al., 2007).
An important role in the organism’s ﬁght with an HCV infection
s played by the innate immune system. In particular, inductionch 218 (2016) 40–48
of the interferon response inhibits viral replication and spread of
the virus. In this regard, viral proteins are actively involved in the
development of immune disorders, permitting the virus to escape
immune response and contributing to the chronic nature of infec-
tion (Yang and Zhu, 2015).
It was interesting to reconstruct the associative gene network
comprised of human genes/proteins from the HCV interac-
tome involved simultaneously in apoptosis and innate immune
responses. A list of such genes/proteins was created with the help
of GO categories selected by the following criteria: “apoptosis” or
“innate immune” keywords were presented in the title; description
or list of synonyms. In total; 229 GO categories related to apoptosis
and 18 categories related to the innate immunity were selected.
The number of proteins from the HCV interactome participating
in the apoptosis process was 236 (24% of all interactome proteins)
and the number of proteins associated with the processes of innate
immune responses was 129 (13%). At the same time; there were 77
proteins involved in both the ﬁrst and second group of biological
processes.
To construct an associative gene network, the Entrez GeneId list
of these 77 proteins was  used as input data for ANDVisio, a tool
from ANDSystem, that provides users with access to the ANDCell
knowledge base and network visualisation. As an output, a network
containing more than 2706 different interactions between 76 pro-
teins and 77 genes was  acquired. Further, ANDVisio provided the
ﬁltration of the network interactions by the speciﬁc criteria (type
of interaction, types of objects participating in the interaction, data
source, etc.). With the help of this ﬁltering feature, all but regu-
lation of expression interactions were excluded from the analyzed
network. An obtained network contained 29 genes and 26 proteins.
The rest of the proteins and genes had no regulatory interactions
and were removed from the network with a special function, «Hide
unconnected», that allows removal of the objects without interac-
tions from the network. In total, this network had 122 regulatory
interactions, 26 of which had the “expression upregulation” type,
25 the “expression downregulation” type, and the remaining 71
being “expression regulation”.
It is known that miRNAs are paramount in genetic regulation, so
another function of ANDVisio that allows expansion of the network
with new objects related to the initial objects from the network was
employed. This allows users to select the types of new objects and
interactions for these objects. This function was  applied to expand
the network only with those miRNAs differentially expressed in
patients infected by HCV. Thus, the network was expanded with
66 miRNAs and 119 new interactions between proteins and these
miRNAs.
Also, additional HCV proteins were added to the network. The
resulting gene network is seen in Fig. 3. In particular, the net-
work contains proteins like kinase E2AK2, involved in the initiation
of translation; SRC and JUN proto-oncogenes; signal transduction
proteins from members of the TNF receptor superfamily, includ-
ing TRAF2; and Toll-like receptor, TLR4, that is central to pathogen
recognition and activation during innate immunity. The ANDVi-
sio program provides the user with the following features: search
for shortest paths between two  given vertices, deﬁne closed loops,
and fundamental cycles. With these functions, a study of the
distribution of the lengths of the shortest paths in the resulting
network, ﬁrst between structural viral proteins and then between
non-structural viral proteins, was  performed. It was  found that
the average length of the shortest paths between the structural
proteins (3.6 objects) was  approximately equal to the average
length of the shortest paths between the non-structural proteins
(3.4 objects). However, the average number of the shortest paths
between the non-structural proteins (4.4 pathways) was almost
twice as high as the same number of structural proteins (2.3 path-
ways).
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Fig. 3. Associative gene network comprising human genes/proteins from the HCV interactome that are involved in apoptosis and the innate immunity response simul-
taneously, as well as miRNAs differentially expressed in patients infected with HCV. Proteins are shown as red balls, genes are shown as spirals, and miRNAs shown as
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An analysis of the shortest pathways demonstrated that the non-
tructural HCV proteins can replicate the regulatory functions of
ach other by interacting with the same human proteins. In par-
icular, NS5A and NS5B together were associated with ﬁve of the
hortest paths of length 3. The human proteins, being participants
f these shortest paths, were eukaryotic translation initiation fac-
or, 2-alpha kinase 2 (E2AK2), v-src avian sarcoma (Schmidt-Ruppin
-2) viral oncogene homolog (SRC), jun proto-oncogene (JUN),
NF receptor-associated factor 2 (TRAF2), and Toll-like Receptor
 (TLR4).
. Materials and methods
The extended ANDCell database contains intraspecies inter-
ctions between proteins, genes, metabolites, diseases, miRNAs
nd molecular–genetic pathways for various organisms, as well
s interspecies interactions between human proteins/genes and
CV proteins. Information about intraspecies interactions, stored
n the ANDCell database, was previously obtained from other
actual databases and PubMed texts (Demenkov et al., 2012;
vanisenko et al., 2015). For the text analysis, automated knowl-
dge extraction methods were used. Speciﬁcally, information on
rotein–protein interactions was extracted from PubMed texts,
ntAct (Orchard et al., 2013), and MINT (Zanzoni et al., 2002)
atabases; microRNA–protein interaction data was extracted from
he miRTarBase database (Hsu et al., 2014); protein–diseaselation, the blue arrows show the formation of protein products, pink arrows show
ciative gene network was  reconstructed with ANDSystem (Demenkov et al., 2012;
 the reader is referred to the web version of this article.)
associations were extracted with the utilization of automated anal-
ysis of PubMed texts.
For the extension of ANDCell with information about inter-
actions between human proteins/genes and HCV proteins (HCV
interactome) data, extraction from the HPIDB database version
2.0 (http://www.agbase.msstate.edu/hpi/main.html) and acquisi-
tion with the automated text analysis module of ANDSystem was
employed. A total of 72,629 PubMed abstracts and 15,141 full-
text articles from PubMed Central, devoted to HCV, were analyzed.
Data extracted from different sources (publications and databases)
was consolidated by matching UniProt identiﬁers for proteins and
Entrez identiﬁers for genes.
The statistical signiﬁcance of differences between distributions
was estimated with Pearson’s chi-squared test from R Com-
mander (http://socserv.mcmaster.ca/jfox/Misc/Rcmdr/) and with
the Mann–Whitney test from the Python’s SciPy module (http://
central.scipy.org/).
Information on protein–protein interactions detected in high-
throughput experiments was  obtained from the HINT database (Das
and Yu, 2012) (http://hint.yulab.org/) downloaded on October 5,
2015. Information on gene–disease associations yielded by GWAS
experiments was extracted from the GWAS Catalog (Welter et al.,
2014) database (https://www.ebi.ac.uk/gwas/home) downloaded
on October 6, 2015. Information on gene–disease associations
from somatic mutation studies of cancers was derived from the
COSMIC (Forbes et al., 2015) release v74 (http://cancer.sanger.ac.
uk/cosmic) and SomamiR (Bhattacharya et al., 2012) version 2.0
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http://compbio.uthsc.edu/SomamiR/) databases, downloaded on
ctober 7, 2015.
Gene ontology enrichment analysis was performed by the R
Ostats package (Falcon and Gentleman, 2007).
cknowledgments
Extension of structure of the ANDCell database for storing data
bout interspecies interactions (HCV interactome) was conducted
nder ﬁnancial support of FP7 EU grant SysPatho No. 260429. The
evelopment of new semantic templates for the automated text
nalysis and extraction of information about HCV–host interac-
ions was performed with the ﬁnancial support by the VI.61.1.2
roject. The reconstruction and analysis of molecular–genetics net-
orks related to programmed cell death was ﬁnancially supported
rom Russian Science Foundation grant “Programmed cell death
nduced via death receptors: Delineating molecular mechanisms
f apoptosis initiation via molecular modeling” No. 14-44-00011.
e thank Cambridge Proofreading LLC for carefully proofreading
he manuscript. We  thank anonymous reviewers for their insightful
nd highly detailed comments.
eferences
antel, H., Schulze-Osthoff, K., 2003. Apoptosis in hepatitis C virus infection. Cell
Death Differ. 10, S48–S58.
udkowska, A., 2009. Mechanism of cell infection with hepatitis C virus (HCV)—a
new paradigm in virus–cell interaction. Pol. J. Microbiol. 58 (2), 93–98.
hatr-aryamontri, A., Ceol, A., Peluso, D., Nardozza, A., Panni, S., Sacco, F., Tinti, M.,
Smolyar, A., Castagnoli, L., Vidal, M.,  Cusick, M.E., Cesareni, G., 2009.
VirusMINT: a viral protein interaction database. Nucleic Acids Res. 37 (Suppl.
1),  D669–D673.
lément, S., Peyrou, M.,  Sanchez-Pareja, A., Bourgoin, L., Ramadori, P., Suter, D.,
Vinciguerra, M.,  Guilloux, K., Pascarella, S., Rubbia-Brandt, L., Negro, F., Foti, M.,
2011. Down-regulation of phosphatase and tensin homolog by hepatitis C
virus core 3a in hepatocytes triggers the formation of large lipid droplets.
Hepatology 54 (1), 38–49.
ohen, P., 2001. The role of protein phosphorylation in human health and disease.
Eur. J. Biochem. 268 (19), 5001–5010.
emenkov, P.S., Ivanisenko, T.V., Kolchanov, N.A., Ivanisenko, V.A., 2012. ANDVisio:
a  new tool for graphic visualization and analysis of literature mined associative
gene networks in the ANDSystem. In Silico Biol. 11 (3–4), 149–161.
alcon, S., Gentleman, R., 2007. Using GOstats to test gene lists for GO term
association. Bioinformatics 23 (2), 257–258.
ischer, R., Baumert, T., Blum, H.E., 2007. Hepatitis C virus infection and apoptosis.
World J. Gastroenterol. 13 (36), 4865.
uentes-González, A.M., Contreras-Paredes, A., Manzo-Merino, J., Lizano, M.,  2013.
The modulation of apoptosis by oncogenic viruses. Virol. J. 10, 182.
uirimand, T., Delmotte, S., Navratil, V., 2015. VirHostNet 2.0: surﬁng on the web of
virus/host molecular interactions data. Nucleic Acids Res. 43 (D1), D583–D587.
osui, A., Ohkawa, K., Ishida, H., Sato, A., Nakanishi, F., Ueda, K., Takehara, T.,
Kasahara, A., Sasaki, Y., Hori, M.,  Hayashi, N., 2003. Hepatitis C virus core
protein differently regulates the JAK-STAT signaling pathway under
interleukin-6 and interferon- stimuli. J. Biol. Chem. 278 (31), 28562–28571.ch 218 (2016) 40–48
Inubushi, S., Nagano-Fujii, M., Kitayama, K., Tanaka, M.,  An, C., Yokozaki, H.,
Yamamura, H., Nuriya, H., Kohara, M.,  Sada, K., Hotta, H., 2008. Hepatitis C virus
NS5A protein interacts with and negatively regulates the non-receptor protein
tyrosine kinase Syk. J. Gen. Virol. 89 (5), 1231–1242.
Ivanisenko, V.A., Saik, O.V., Ivanisenko, N.V., Tiys, E.S., Ivanisenko, T.V., Demenkov,
P.S., Kolchanov, N.A., 2015. ANDSystem: an associative network discovery
system for automated literature mining in the ﬁeld of biology. BMC Syst. Biol. 9
(Suppl. 2), S2.
Jin, Z., Kotera, M.,  Goto, S., 2014. Virus proteins similar to human proteins as
possible disturbance on human pathways. Syst. Synth. Biol. 8 (4), 283–295.
Kumar, R., Nanduri, B., 2010. HPIDB-a uniﬁed resource for host–pathogen
interactions. BMC  Bioinform. 11 (Suppl. 6), S16.
Kwoﬁe, S.K., Schaefer, U., Sundararajan, V.S., Bajic, V.B., Christoffels, A., 2011.
HCVpro: hepatitis C virus protein interaction database. Infect. Genet. Evol. 11
(8),  1971–1977.
Larrubia, J.R., Moreno-Cubero, E., Lokhande, M.U., García-Garzón, S., Lázaro, A.,
Miquel, J., Perna, C., Sanz-de-Villalobos, E., 2014. Adaptive immune response
during hepatitis C virus infection. World J. Gastroenterol. 20 (13), 3418.
Li, S., Wu,  L., Zhang, Z., 2006. Constructing biological networks through combined
literature mining and microarray analysis: a LMMA  approach. Bioinformatics
22  (17), 2143–2150.
Lim, E.J., El Khobar, K., Chin, R., Earnest-Silveira, L., Angus, P.W., Bock, C.T., Nachbur,
U.,  Silke, J., Torresi, J., 2014. Hepatitis C virus-induced hepatocyte cell death
and protection by inhibition of apoptosis. J. Gen. Virol. 95, 2204–2215, Pt 10.
Moriishi, K., Matsuura, Y., 2003. Mechanisms of hepatitis C virus infection. Antivir.
Chem. Chemother. 14 (6), 285–297.
Murray, C.L., Jones, C.T., Rice, C.M., 2008. Architects of assembly: roles of
Flaviviridae non-structural proteins in virion morphogenesis. Nat. Rev.
Microbiol. 6 (9), 699–708.
Navratil, V., de Chassey, B., Meyniel, L., Delmotte, S., Gautier, C., André, P., Lotteau,
V.,  Rabourdin-Combe, C., 2009. VirHostNet: a knowledge base for the
management and the analysis of proteome-wide virus–host interaction
networks. Nucleic Acids Res. 37 (Suppl. 1), D661–D668.
Pesch, R., Böck, M.,  Zimmer, R., 2012. ConReg: analysis and visualization of
conserved regulatory networks in Eukaryotes. GCB, 69–81.
Plauzolles, A., Lucas, M.,  Gaudieri, S., 2015. Inﬂuence of host resistance on viral
adaptation: hepatitis C virus as a case study. Infect. Drug Resist. 8, 63.
Polyak, S.J., Khabar, K.S., Rezeiq, M.,  Gretch, D.R., 2001. Elevated levels of
interleukin-8 in serum are associated with hepatitis C virus infection and
resistance to interferon therapy. J. Virol. 75 (13), 6209–6211.
Popescu, C.I., Riva, L., Vlaicu, O., Farhat, R., Rouillé, Y., Dubuisson, J., 2014. Hepatitis
C  virus life cycle and lipid metabolism. Biology 3 (4), 892–921.
Shannon, P., Markiel, A., Ozier, O., Baliga, N.S., Wang, J.T., Ramage, D., Amin, N.,
Schwikowski, B., Ideker, T., 2003. Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res. 13 (11),
2498–2504.
Shwetha, S., Gouthamchandra, K., Chandra, M.,  Ravishankar, B., Khaja, M.N., Das, S.,
2013. Circulating miRNA proﬁle in HCV infected serum: novel insight into
pathogenesis. Sci. Rep. 3.
Snel, B., Lehmann, G., Bork, P., Huynen, M.A., 2000. STRING: a web-server to
retrieve and display the repeatedly occurring neighbourhood of a gene. Nucleic
Acids Res. 28 (18), 3442–3444.
Tu, Z., Hamalainen-Laanaya, H.K., Nishitani, C., Kuroki, Y., Crispe, I.N., Orloff, M.S.,
2012. HCV core and NS3 proteins manipulate human blood-derived dendritic
cell development and promote Th 17 differentiation. Int. Immunol. 24 (2),
97–106.Yang, D.R., Zhu, H.Z., 2015. Hepatitis C virus and antiviral innate immunity: who
wins at tug-of-war? World J. Gastroenterol. 21 (13), 3786.
Yuryev, A., Mulyukov, Z., Kotelnikova, E., Maslov, S., Egorov, S., Nikitin, A.,
Daraselia, N., Mazo, I., 2006. Automatic pathway building in biological
association networks. BMC  Bioinform. 7 (1), 171.
